Six genes are vertebrate homologues of the homeobox-containing gene sine oculis, which plays an essential role in controlling Drosophila compound eye development. Here we report the identi®cation and expression patterns of all three subfamilies of Xenopus Six genes. Two Six2 subfamily genes (Six1, Six2) showed very similar expression patterns in cranial ganglia, otic placodes and the eyes. Non-neural expression of Six1 and Six2 was observed with mesodermal head mesenchyme, somites and their derivatives, the muscle anlagen of the embryonic trunk. In addition, Six2 expression was also found with mesenchyme associated with the developing stomach and pronephros. Expression of Six3 subfamily genes (Six3.1, Six3.2, Six6.1, and Six6.2) was restricted to the developing head, where expression was especially observed in derivatives of the forebrain (eyes, optic stalks, the hypothalamus and pituitary gland). Interestingly, expression of all Six3 subfamily members but Six6.2 was also found with the pineal gland primordium and the tegmentum. Expression of Six4 subfamily genes (Six4.1, Six4.2) was present in the developing visceral arches, placodal derivatives (otic vesicle, olfactory system), head mesenchyme and the eye. The observed dynamic expression patterns are largely conserved between lower and higher vertebrates and imply important roles of Six family genes not only in eye formation and myogenesis, but also in the development of the gut, the kidney and of placode-derived structures. q
Results and discussion
Transcription factors of the Six family of homeobox genes are vertebrate homologues of the Drosophila sine oculis gene, which is required for the development of the Drosophila visual system (Wawersik and Maas, 2000) . The Six proteins share two highly conserved regions, a Six domain and a Six-type homeodomain, which is located adjacently (Kawakami et al., 2000) . Both domains are necessary for the sequence-speci®c DNA binding activity (Kawakami et al., 1996a,b) . In addition, the Six domain is required for direct interaction and nuclear translocation of members of the Eya gene family (Otho et al., 1999; Pignoni et al., 1997) . Six distinct members of the Six gene family have been identi®ed so far in mammals. Based on phylogenetic analysis, they can be divided into three distinct subfamilies, Six2, Six3 and Six4, which presumably originated from three different ancestral Six genes (Seo et al., 1999) . Mutations in Six family genes and mRNA overexpression studies have revealed critical functions for these genes in several developmental processes including eye formation, forebrain development and myogenesis (Kawakami et al., 2000) .
Molecular analysis of Xenopus Six genes
We performed polymerase chain reactions (PCR) on genomic DNA with degenerate primers (see Section 2.1) and obtained several new Xenopus Six genes in addition to those previously reported (Seo et al., 1999) . Fig. 1A shows an amino acid sequence alignment of the Xenopus Six genes with their mouse and Drosophila counterparts. Xenopus Six1 and Six2 were highly homologous with their murine orthologues (100 and 97% amino acid identity, respectively). Six3.1 and Six3.2 are Xenopus orthologues of Six3. Note that Six3.2 corresponds to the Six3 gene reported recently (Zhou et al., 2000) . They exhibit identities of 94 and 97% at the nucleotide and derived amino acid level, respectively. This indicates that they are most likely pseudoallelic variants, which arose by an ancient tetraploidization event in Xenopus laevis (Bisbee et al., 1977) . The amino acid identities of Xenopus Six3.1 and Six3.2 compared with the mouse Six3 protein were 99 and 98%, respectively. Two pseudoallelic genes of Six6 (Six6.1 and Six6.2) exhibiting nucleotide and amino acid identities of 90 Fig. 1. and 94%, respectively, were also identi®ed. Six6.1, previously known as Six10 (Seo et al., 1999) , is identical to Xenopus Optx2 (Zuber et al., 1999) . The amino acid identities to mouse Six6 were 97% for Six6.1 and 93% for Six6.2. As with the murine members of the Six3 subfamily, the Six domains of Xenopus Six3 and Six6 proteins harbored the characteristic VAP(A/G) insertion peptide (Fig. 1A) . Finally, we also succeeded in identifying Xenopus genes encoding orthologues of Six4. The nucleotide and amino acid identities between the pseudoallelic variants Six4.1 and Six4.2 were 93 and 95%, respectively. The degree of amino acid identity of Six4.1 and Six4.2 to murine Six4 was 82 and 84%, respectively. No clones encoding Xenopus Six5 were found. Phylogenetic analysis on the basis of sequences corresponding to the region of the Six domain and the homeodomain was used to further investigate the relationship of the Xenopus Six genes with their murine and Drosophila homologues (Fig. 1B) . The phylogenetic tree reveals the clustering of Six genes in three subfamilies and groups the Xenopus Six genes with their murine counterparts consistent with the classi®cation derived from the sequence comparisons (see above).
Expression patterns
Whole-mount in situ hybridization was used to examine the spatial expression patterns of Xenopus Six gene family members from late neurula (stage 19) to swimming tadpole stages (stage 40). The results are summarized below.
Xenopus Six2 subfamily members
Six1 and Six2 share very similar expression domains during embryonic development, but display also some important differences (Fig. 2) . In late neurula embryos, both Six genes were expressed in the primitive placodal thickening, a band of ectoderm surrounding the anterior neural plate. The anlagen of the sensory placodes are situated within this band (Knouff, 1935) . Six1 expression was observed widely in the primitive placodal thickening (Fig.  2G ). In contrast, Six2 expression was associated with the otic and olfactory placodes (Fig. 2H) . Once embryos reached tailbud stages, Six gene expression became associated with the derivatives of the primitive placodal thickening. Six1 and Six2 were found with speci®c ganglia and nerves¯anking the developing otic vesicle (Fig. 2A,D,I ). From stage 25 onwards, Xenopus Six1 expression was observed in the developing olfactory bulbs and maintained at least until stage 40 (Fig. 2C) . Extensive Six1 and Six2 gene expression was also apparent throughout ventral portions of the developing head (Fig. 2B ,C,E,F). Transverse sections revealed that transcripts of Six1 and Six2 were associated with head mesenchyme (Fig. 2L,M) . Onset of gene expression in the developing eye was at stage 30 for Six2 and stage 34 for Six1 (Fig. 2B,D) . Initially, Six2 expression was detected in the ectoderm overlying the optic vesicle (Fig. 2D) . Sectioning of older embryos revealed Six1 and Six2 expression with the retinal pigment epithelium and the ganglion cell layers (Fig. 2L,M) .
In the trunk, both Six genes were expressed with the developing paraxial mesoderm. Expression in the segmented somites became apparent from stage 25 onwards (not shown). Around stage 30, Six1 and Six2 expression increased at the ventrolateral margins of the rostral somites ( Fig. 2A,D) . Six gene expression colocalized with the anlagen of the ventral abdominal muscle. Abdominal muscle development is initiated with the generation of seven muscle aggregates (Lynch, 1990) . They subsequently detach from progressively more caudal somites to form discrete cell clusters, which migrate ventrally between the epidermis and the layer of pigment cells. By stage 40, each anlage transforms into a sheet of myotubes, which attaches with adjacent sheets to form the abdominal muscles. Six1 and Six2 expression was associated with the abdominal muscle cell clusters throughout the migratory phase (Fig.  2A±F ,J,K,N,O). Interestingly, only Six1 is expressed during abdominal muscle development in the mouse (Oliver et al., 1995) . Prominent expression of Six2 but not of Six1 was also observed in the region of the developing pronephric kidney and stomach (Fig. 2E ). Transverse sections indicate that Six2 expression probably corresponds to intermediate mesoderm and lateral plate-derived cells (Fig. 2O ). These cells will presumably give rise to interstitial cells surrounding pronephric tubules and to mesoderm components, i.e. connective tissue and smooth muscle, of the stomach. This is reminiscent to Six2 gene expression in the mesenchyme of the stomach and the nephric cords observed in the mouse embryo (Oliver et al., 1995) . While the murine notochord expresses Six1 (Oliver et al., 1995) , we were unable to were used as a basis for the analysis. Mouse Pbx1b, which is most similar to the Six gene family, served as an outgroup. The scale bar measures the distance between the sequences. Units indicate the number of substitution events. The distance between any two sequences is the sum of the horizontal branch length separating them. Abbreviations: D, Drosophila; m, mouse; X, Xenopus. The GenBank accession numbers are as follows: DSo (sine oculis), L31626; DSix3, AF099184; DSix4, AF099185; mPbx1b, AF020197; mSix1, X80339; mSix2, X80339; mSix3, D83144; mSix4, D50416; mSix5, D83146; mSix6, AF0510130; XSix1, AF108809; XSix2, AF108810; XSix3.1, AF276991; XSix3.2, AF276992; XSix4.1, AF276994; XSix4.2, AF276995; XSix6.1, AF108811; XSix6.2, AF276993.
detect expression of neither Six1 nor Six2 in the Xenopus notochord.
Xenopus Six3 subfamily members
Comparative studies performed in chicken (Lo Âpez-Rõ Âos et al., 1999) and mouse (Jean et al., 1999) indicate that the differences between Six3 and Six6 gene expression have remained largely conserved between birds and mammals. To determine whether these ®ndings extend to amphibians, the embryonic expression patterns of the novel Xenopus Six3.1 and Six6.2 genes were compared with those of Six3.2 and Six6.1, which have been reported previously (Zhou et al., 2000; Zuber et al., 1999) . Unlike members of the Six2 and Six4 subfamilies, expression of Six3 subfamily members was strictly con®ned to the developing head (Fig.  3) . A comparison of embryos stained for Six3.1, Six3.2, and Six6.1 failed to reveal differences between the observed expression patterns. Surprisingly, Six6.2 gene expression was only detected with a subgroup of tissues expressing Six3 gene family members. It appears that the Xenopus Six6.2 gene may have lost some of the gene regulatory elements conveying tissue-speci®c gene expression. Initially, the expression domains in the late neurula embryo were identical for all Six3 subfamily members. They included the region of the developing eye vesicles and the future hypothalamic and pituitary areas at the midline (Fig.  3A,F) . At stage 27, expression was detected in the developing anterior forebrain and the eye vesicles (not shown).
First differences between Six6.2 and the other Six3 subfamily members became evident in tailbud-staged embryos. Expression of Six3 subfamily members occurred in the entire developing eye vesicle, while Six6.2 was absent , and the mesenchyme (m) adjacent to the developing stomach and pronephric kidney epithelia are indicated. Abbreviations: cg, cranial ganglia; e, eye; gcl, ganglion cell layer; hm, head mesenchyme; l, lens; p, pharynx; pn, pronephros; ppt, primitive placodal thickening; rpe, retinal pigment epithelium; s, somites; st, stomach. from the central region of the eye, the lens vesicle (Fig.  3B,G) . Six3 gene expression in the developing lens is gradually lost and by stage 39 ocular expression of all Six3 gene family members were similar (Fig. 3C,D,I ). Sections revealed that the staining was present in the retinal pigment epithelium, the inner nuclear and ganglion cell layers of the developing eye (Fig. 3K,L) . Compared with the other Six3 subfamily genes, high levels of Six6.2 expression was transiently detected with the optic stalk (Fig. 3G,H) . On the other hand, all Six3 subfamily members, except Six6.2, were observed with the pineal gland (epiphysis) primordium and the tegmentum of the ventral midbrain starting from stage 27 onwards (Fig. 3B±D) . Along the midline, expression of Six6.2 was associated with the ventral¯oor of the diencephalon, which will form the hypothalamus, and the most dorsal portion of Rathke's pouch, the future adenohypophysis (Fig. 3J) . As shown for Six3.2 in Fig. 3E , the other Six3 subfamily members were expressed at signi®cantly lower levels in these structures. Contrasting patterns of Six3 gene family expression were also evident in the developing olfactory bulb, where Six3.1, 3.2 and 6.1 expression but not Six6.2 was detectable (Fig. 3D,I ). Taken together, Xenopus Six6.2 shares a highly similar but distinct embryonic expression pattern with the Six3.1, Six3.2, and Six6.1 genes. The transcript distribution in the developing brain and eyes was generally broader for the Six3.1, Six3.2 and Six6.1 genes than for the Six6.2 gene, which is reminiscent of the differences described for Six3 and Six6 in embryos of higher vertebrates (Jean et al., 1999; Lo Âpez-Rõ Âos et al., 1999) .
Xenopus Six4 subfamily members
The embryonic expression patterns of Six4.1 and Six4.2 were indistinguishable. Six4.2 appeared, however, to be expressed at lower levels than Six4.1. With the completion of neurulation, expression of Six4 genes was con®ned to the entire prospective placodal region (Fig. 4D) . Subsequently, Six4 transcripts were associated with the placodal anlagen and their derivatives, particularly the otic vesicle and the olfactory bulb (Fig. 4A±C) . Transverse sections revealed also strong expression of Six4.1 with mesenchymal cells of the developing visceral arches and the head (Fig. 4E,F) . During eye development, Six4 transcripts were initially transiently detected with the ectoderm overlying the optic vesicle, which will form the future lens placode (Fig. 4A , not shown). At later stages, Six4 expression was present in the retinal pigment epithelium and faintly in the ganglion cell layer, but absent from the lens (Fig. 4F ). In the embryonic trunk, somitic expression of Six4 was apparent from stage 25 onwards (not shown), peaking at around stage 34 and gradually declining thereafter (Fig. 4A±C) . Six4 was associated with the unsegmented paraxial mesoderm as well as segmented somites (Fig. 4A±C) . Faint Six4 expression was also observed with migrating abdominal muscle precursors. Expression of Xenopus Six4 genes in cranial placodes, eyes, and developing somites corresponds to Six4 expression in chicken embryos (Esteve and Bovolenta, 1999) . However, unlike chicken Six4, Xenopus Six4 was not found associated with the notochord and renal epithelia and Six4 expression in the head mesenchyme appears to be unique to Xenopus.
Methods

Cloning of cDNAs encoding Xenopus Six family members
Partial sequences of Xenopus Six genes were obtained by genomic PCR using degenerate oligonucleotide primers. One common antisense primer and three sense primers, each directed against sequences conserved among all members of a speci®c Six subfamily were designed. These were: SX122 (5 H -TTCACKCARGARCARGTSGCGT-GYGTSTG for the Six2 subfamily members), SX128 (5 H -GTSTGYGAGACKCTSGAGGA for Six3), SX123 (5 H -GAMCARGTMGCRTGYGTMTGYGARGC for Six4), and SX124 (5 H -TGYCKYCKRTTYTTRAACCARTT, common antisense primer). The PCR conditions for typical 50-ml reaction were as follows: 150 mM dNTP, 1.5 mM Mg(OAc) 2 , 1 ml antibody-conjugated 50 £ Tth DNA polymerase (Clontech), 125 ng genomic DNA, 10 pmol of each primer. A total of 30 cycles with 948C denaturation (25 s), 558C annealing (30 s), 688C extension (20 s) with ®nal 5 min at 688C were done. Ampli®cation products of the expected size (~0.5 kb) were puri®ed and subcloned into the pGEM-T Easy vector (Promega). Multiple clones that had expected sizes were sequenced fully. Genes were named after primary sequence comparisons and phylogenetic analysis (see below). GenBank accession numbers are given in the legend to Fig. 1. 
Molecular phylogeny
Amino acid sequences were aligned with the MegAlign program (DNASTAR) using the Clustal method with an identity weight table. The aligned amino acid sequences were used to construct phylogenetic trees with the Neighbor±Joining algorithm (Saitou and Nei, 1987) .
Whole-mount in situ hybridization and sectioning
Xenopus embryos were obtained from in vitro fertilizations as described previously (Bra Èndli and Kirschner, 1995) . Fixation of embryos and whole-mount in situ hybridization with digoxigenin-labeled antisense RNA probes were carried out with some modi®cations (Harland, 1991; Helbling et al., 1999) . Sense strand controls were prepared from all plasmids and tested negative by in situ hybridization. Embryos stained in whole-mount were sectioned at 40 mm using a vibrating blade microtome as described (Heller and Bra Èndli, 1997) .
Photography and computer graphics
Photographs were taken digitally with a Zeiss STEMI-2000C stereoscopic microscope or a Zeiss Axiophot equipped with a ProgRes 3008 CCD camera (Jenoptik). Composite ®gures were organized and labeled using Adobe Photoshop 5.02 and Canvas 6.0 software.
